ABSTRACT: Glacial lakes cover large areas of northern Europe and North America. These freshwater systems represent important habitats accommodating diverse microbial communities. Here, 27 lakes in northern Germany, Poland and Finland were surveyed for the presence of aerobic anoxygenic phototrophic (AAP) bacteria during the summer seasons of 2008 and 2009. Using infrared epifluorescence microscopy, AAP bacteria were found to represent from 2 to 12% of total bacteria in surface layers of the studied lakes. The AAP abundance was correlated with total bacterial numbers, total phosphorus and chlorophyll concentration. The size fractionation analyses indicated that a significant portion of AAP cells was attached to particles. Our findings suggest that AAP bacteria represent a significant component of the microbial community in the studied lakes.
INTRODUCTION
In oxygenic photosynthesis, chlorophyll (chl)-containing phytoplankton utilize light energy to assimilate carbon dioxide, and molecular oxygen is evolved. Apart from oxygenic algae and cyanobacteria, there exists a broad phylogenetic spectrum of anoxygenic (non-oxygen evolving) photosynthetic bacteria containing bacteriochlorophyll (BChl) . While the majority of anoxygenic phototrophs grow and photosynthesize only under anaerobic conditions, some anoxygenic groups have adapted to aerobic conditions. Such organisms, so-called aerobic anoxygenic phototrophic (AAP) bacteria, were first discovered in Tokyo Bay, Japan (Harashima et al. 1978 , Shiba et al. 1979 . AAP bacteria are photoheterotrophic organisms, which utilize dissolved organic carbon and harvest light using bacteriochlorophyll a (BChl a)-containing reaction centers to supplement their energy requirements (Yurkov & Csotonyi 2009 , Koblížek 2011 . AAP bacteria are widely distributed in the marine en vironment, representing ca. 1.5 to 5% of total bacteria in the euphotic zone of the oceans (Kolber et al. 2001 , Sieracki et al. 2006 , Koblížek 2011 . Moreover, AAP bacteria have also been detected in shelf seas (Koblížek et al. 2005 , Mašín et al. 2006 ) and river estuaries (Waidner & Kirchman 2007 , Cottrell et al. 2010 . In spite of their low numbers, AAP bacteria seem to be a very dynamic part of the marine bacterial community and contribute significantly to the cycling of organic carbon (Koblížek et al. 2007 , Ferrera et al. 2011 .
Despite the increasing amount of data on the distribution, activity and phylogenetic composition of AAP bacteria in marine environments, information on their occurrence in freshwater habitats is still limited. The first freshwater AAP species were isolated from alkaline mat surfaces by Yurkov & Gorlenko (1990 , 1992 . Later, the presence of AAP species in limnic habitats was documented by the isolation of several AAP bacteria strains from various freshwater lakes (Page et al. 2004 , Gich & Overmann 2006 . The existence of freshwater AAP species was also proven using culture-independent techniques. Anoxygenic photosynthetic genes were found in a fosmid library constructed from Delaware River planktonic DNA (Waidner & Kirchman 2005) as well as in Swedish lake bacterioplankton (Eiler et al. 2009) . A single-cell genomics study documented the presence of AAP species in freshwater lakes in Wisconsin and Maine (Martinez-Garcia et al. 2012) . A large survey of Czech lakes (central Europe) finally confirmed the widespread presence of AAP bacteria in a variety of freshwater habitats (Mašín et al. 2008) . AAP bacteria were more abundant in oligotrophic and mesotrophic lakes (4 to 21%) than in more eutrophic water bodies, where they represented a negligible part of the total microbial community (<1%). In the mountain lakes Č ertovo and Plešné, AAP bacteria contribute more than one half of the total bacterial biomass during their summer maximum, suggesting that environmental conditions favor the growth of AAP bacteria in these lakes (Mašín et al. 2008 ). Yet, more systematic studies on the occurrence and distribution of AAP bacteria in a variety of freshwater environments with variable environmental conditions are missing.
Glacial lakes are widely distributed and are the dominant lake type in northern Europe and North America. They vary greatly in size, extending from small pools to major lake systems, such as the North American Great Lakes. Glacial lakes were formed during the retreat of the continental ice sheet after the last ice age (~10 000 yr ago). They are variable in their physicochemical characteristics and therefore represent heterogeneous and dynamic aquatic habitats with large variations in the composition and activities of planktonic bacterial communities. This represents a useful test field for the investigation of AAP distribution and ecology.
Thus, in the present study, we surveyed the AAP abundance and their relative proportion in bacterioplankton communities in glacial lakes in northern Germany, Poland and Finland to establish the main driving factors determining the existence of AAP bacteria in these habitats. In addition, we briefly discuss the potential benefits of phototrophy in AAP bacteria and the relationship between their abundance and lake trophic level.
MATERIALS AND METHODS

Sampling
Lakes of the Mecklenburg Lake District, Germany (Tables 1 & 2) , were studied during 2 sampling campaigns (from 10 to 16 June 2008 and from 1 to 18 July 2009). The Mazurian lakes in Poland and lakes in the Lahti region, Finland (Tables 1 & 2) , were sampled on 30 May 2008 and from 1 to 15 July 2008, respectively. Water samples were collected at variable depth with a 2 l Friedinger sampler and kept in a plastic cooler in the dark until analysis in the lab. Fluorescence analyses were performed within 2 h after sample collection. Samples for microscopy were fixed with 37% formaldehyde (0.2 µm prefiltered, 2% final concentration) and then stored at + 4°C in the dark. All collected samples were processed within 2 mo.
Infrared fluorometry
Infrared (IR) kinetic fluorometry was performed using a P.S.I. fluorometer control unit (FL200/PS, Photon Systems Instruments) and custom-made optics, as described earlier (Koblížek et al. 2007 ). For a separation of the chlorophyll and bacteriochlorophyll signal, we used the herbicide Diuron, which selectively removes the chlorophyll fluorescence of phytoplankton (Koblížek et al. 2005) . The instrument calibration was performed using a diluted culture of Roseobacter sp. COL2P (Koblížek et al. 2010) . The instrument sensitivity was sufficient for pro cessing of natural water samples with an absolute detection limit of 0.2 ng BChl a l −1 and 3 ng chl a l −1 and a relative detection limit of ca. 10
BChl a to chl a ratio.
Microscopy
IR epifluorescence microscopy analyses were performed as described previously (Mašín et al. 2006) . Briefly, the collected water samples were filtered onto a 0.2 µm polycarbonate filter (Nucleopore, Whatman), dried, stained with DAPI and mounted on microscopic glass slides. Microscopy was performed using a fluorescence Olympus BX51TF microscope equipped with a B/W CCD camera (FViewII). Total DAPI-stained bacteria were recorded in the blue part of the spectrum (50 to 200 ms exposure), and then the IR emission image was captured, detecting both AAP bacteria and phytoplankton (30 s exposure). Finally, red chl a autofluorescence was recorded to identify chl a-containing organisms (200 to 500 ms exposure). The acquired images were saved and semi-manually analyzed using the AnalySIS software (Soft Imaging Solutions). The abundance of total and AAP bacteria was quantified in terms of cell numbers.
Chlorophyll, nutrient and carbon analyses
Chl a was determined by spectrophotometry in 90% acetone extracts (Lorenzen 1967 (NH 4 ) and dissolved organic carbon (DOC) levels. Briefly, after filtration through 0.2 µm pre-rinsed polycarbonate filter (Whatman), PO 4 3− was photometrically measured with an FIAcompact (MLE) using the molybdenum blue method described by Koroleff (1976) . TP was first digested to SRP with K 2 S 2 O 8 (134°C for 30 min) and then determined as PO 4 3− . To determine nitrite, nitrate and ammonia levels, water samples were first filtered through pre-rinsed 0.2 µm cellulose acetate filters (Whatman) and photometrically analyzed with a FIAstar™ 5010 analyzer (FOSS) using standard protocols (Wetzel & Likens 1991) and the manufacturer's instructions. Total nitrogen was first digested to NO 3 − /NO 2 − with an Oxisolv ® (Merck) treatment and allowed to react at 120°C for 45 min. Dissolved organic carbon (DOC) was determined as nonpurge able organic carbon (NPOC). Water samples were filtered through 0.45 µm pre-rinsed cellulose nitrate filters (Whatman) and treated with 2N HCl. DOC was then analyzed by high temperature combustion in a TOC analyzer (Multi N/C 3100, Analytik Jena AG). 
RESULTS
Vertical distribution of BChl a signal
The distribution of AAP bacteria was surveyed in 14 glacial lakes in the Mecklenburg Lake District (north-eastern Germany) during 2 sampling campaigns in June 2008 and July 2009. The lakes greatly differed in their physicochemical characteristics and trophic status (Tables 1 & 2) . Only lakes Stechlin and Peetsch were oligotrophic, whereas all of the other studied lakes were either mesotrophic or eutrophic. In addition, Grosse Fuchskuhle is a dystrophic lake because the major water inflow is via a bog area (Hutalle-Schmelzer et al. 2010 ). In the early 1990s, the lake was experimentally divided into 4 sections, which greatly differ in their chemical parameters.
In contrast to predominantly aerobic marine environments, in freshwater lakes, we frequently encounter an anoxic part of the water column. This fact complicates the detection of AAP bacteria because there is no convenient optical method that could discriminate between mostly anaerobic purple phototrophic bacteria and AAP bacteria. For this reason, the vertical oxygen profiles were recorded for all of the German lakes sampled. Several of these lakes had a narrow anoxic hypolimnion above the bottom (Fuchskuhle, Dagow, Nehmitz, Roofen). The sole lake with a well-developed anaerobic layer in both sampling seasons was Lake Haus.
As an example, we recorded the vertical distribution of BChl a using IR kinetic fluorometry in oligotrophic Lake Stechlin (an aerobic lake), mesotrophic Lake Roofen (aerobic epilimnion and anaerobic hypolimnion) and in eutrophic Lake Haus (mostly anoxic). In Lake Stechlin, the highest BChl a concentration was measured at the surface and gradually decreased with depth (Fig. 1A) BChl a peak was detected below the thermocline at 18 m depth, overlapping with a deep Chl a maximum formed by picoeukaryotes and cyanobacteria (data not shown). Measurements of dissolved oxygen confirmed that Lake Stechlin was aerobic throughout the whole water column. In Lake Roofen, 2 BChl a zones were detected in the water column. These zones were separated by the thermocline (Fig. 1B) , which suggests that 2 different populations of phototrophic bacteria were present in the oxic epilimnion and in the anaerobic part of the hypolimnion. In the shallow (max. depth 9 m) and more eutrophic Lake Haus, the BChl a concentration was the highest at the bottom, while no BChl a was detected at the surface. Lake Haus was well stratified, and the lower part of the hypolimnion was fully anaerobic, suggesting that this lake was inhabited by mainly anaerobic phototrophic bact erial species (Fig. 1C) . Based on the observed vertical profiles, the water samples for further study were always collected from the fully aerobic subsurface layers (~0.3 m depth) to ensure that the registered signals originate predominantly from AAP species and to ensure comparable sampling conditions in all of the studied lakes.
Lake survey
Based on IR fluorometry, BChl a concentrations in the Mecklenburg lakes varied from 1 to 40 ng BChl a l −1 and from 1 to 20 ng BChl a l −1 in June 2008 and July 2009, respectively (Fig. 2) . In most of the lakes, the BChl a concentration differed between the 2 sampling campaigns. An extreme case was Lake Haus, showing the highest BChl a concentration out of all surveyed lakes in 2008 (40 ng l −1 ), whereas no BChl a could be detected in 2009 ( Fig. 2A,B) .
During the 2008 campaign, AAP bacterial abundances ranged from 1 × 10 5 to 12 × 10 5 cells ml −1 and contributed on average 6.0 ± 2.6% of the total bacteria ( Fig. 2A) . The highest proportion of AAP bacteria (12%) was detected in oligotrophic Lake Stechlin, whereas the lowest AAP bacteria abundance and proportion (2.2% of total bacteria) was found in mesotrophic Lake Tiefwaren. A slightly higher proportion of AAP bacteria was found in 2009, ranging from 3.2 to 12.0% (8.0 ± 2.6%, mean ± SD, n = 13). Interestingly, the proportion of AAP bacteria found in Lake Stechlin was much lower (5.6%) than in the previous year.
Both the AAP abundances and total bacterial abundances correlated well with the overall trophic status of the lakes for both campaigns individually as well as for the merged dataset. Based on statistical analyses, it seems that the major structuring factor was total phosphorus content ( Fig. 3) , which was strongly positively correlated (merged dataset) with chlorophyll concentration (Pearson, r = 0.863, p < 0.0001, n = 26), total bacterial abundances (Pearson, r = 0.833, p < 0.0001, n = 27) and AAP abundances (Pearson, r = 0.799, p < 0.0001, n = 27). This observation is consistent with the general dissolved reactive phosphorus-limited character of the studied lakes. No correlation was found be tween total nitrogen or dissolved organic carbon (NPOC) and any of the above-mentioned parameters. AAP abundance was also positively correlated with BChl a concentration (Table 3) . Thus, AAP bacteria abundance generally in creased in lakes with higher trophic status; however, there was no correlation between AAP percentage and total phosphorus (Pearson, r = −0.02, p = 0.907, n = 27). The correlation between AAP abundance and temperature ob served previously during seasonal studies (Mašín et al. 2006 (Mašín et al. , 2008 was not observed in our dataset (see Table 3 ), most likely due to the relatively small span of surface temperatures (21.2 ± 1.2°C, mean ± SD) encountered in the sampled lakes. In addition to the Mecklenburg Lake District, we also surveyed several lakes of the Mazurian Lake District, Poland, and several lakes in the Lahti region, Finland, in summer 2008. The absolute and relative AAP abundances in Polish and Finnish lakes were similar to those found in the Mecklenburg Lake District. In the Mazurian lakes, AAP abundances ranged from 1.6 × 10 5 to 5.2 × 10 5 cells ml −1 , which represented 2.1 to 4.9% of the total bacteria. In Finnish lakes, AAP made up 1.6 × 10 5 to 5.5 × 10 5 cells ml −1 , which represented 3.7 to 8.2% of total bacteria (Fig. 4) . The BChl a concentration in the Mazurian lakes (Poland) ranged from 5 to 24 ng BChl a l −1 in May 2008.
Size fractionation of the BChl a signal
A size fractionation study of collected samples was conducted to determine the approximate size of AAP cells and fraction of the cells attached to particles. For each lake, we recorded the BChl a fluorescence signal in 3 size fractions: < 0.8 µm, 0.8 to 5 µm and > 5.0 µm. To avoid retention of larger and more active free-living cells together with particles and organisms, we used a 5 µm instead of a 2 µm pre-filtration step, which was used by Lami et al. (2009) . The filtration of freshly collected samples was carried out solely by gravity to avoid disintegration of larger particles and lasted for no more than 30 min. Samples were divided in triplicate and measured separately to check for variability among individual measurements. Small free-living AAP bacteria (< 0.8 µm) accounted for 20 to 66% of the total BChl a signal, whereas the larger free-living AAP bacteria 0.8 to 5 µm in size varied between 14 and 42% of the bulk BChl a signal (Fig. 5) . The amount of AAP cells attached to particles and organisms (> 5 µm fraction) varied between 15 and 50%. No significant statistical correlation was found between the size fractions and BChl a concentration or lake trophic status.
DISCUSSION
In the present study, we surveyed the occurrence of phototrophic bacteria in a variety of freshwater lakes in the Mecklenburg Lake District (northern Germany), the Mazurian Lake District (Poland) and in southern Finland. The majority of the surveyed lakes (northern Germany and Poland) have been the sites of intense long-term limnological research (Koschel 1995 , Hillbricht-Ilkowska et al. 2000 , Allgaier & Grossart 2006a ,b, Chróst & Siuda 2006 , whereas a few of the Finnish lakes have been studied in a local context only. Our 2 sampling campaigns in 2008 and 2009 revealed that phototrophic bacteria were present in all studied lakes. The AAP abundances recorded during our study ranged from 1.18 × 10 5 to 11.7 × 10 5 cells ml −1 (3.92 ± 2.54 × 10 5 , mean ± SD, n = 42), which is slightly higher than numbers reported previously from Czech lakes (0.9 to 4.25 × 10 5 cells ml −1
). The difference might be partially due to the fact that the present study was conducted exclusively in summer months, which is the AAP seasonal maximum, as shown previously (Mašín et al. 2006 (Mašín et al. , 2008 . Interestingly, ca. 4-fold higher AAP counts (0.8 to 60.0 × 10 5 cells ml −1
) were found in saline steppe lakes in Central Asia (Medová et al. 2011) , in spite of the fact that the chlorophyll concentrations were comparable to those registered in this study (0.7 to 36.8 µg chl a l −1
). The relative proportion of AAP bacteria ranged between 2 and 12% of total prokaryotes (Fig. 6 ). When we cluster the data based on the territory, the highest AAP percentages were found in Mecklenburg lakes (7.0 ± 2.8%, mean ± SD, n = 28) and Finnish lakes (5.7 ± 1.5%, mean ± SD, n = 7), whereas the lowest percentages were found in Mazurian lakes (4.0 ± 1.1%, mean ± SD, n = 7). These values are comparable with previous reports from Czech freshwater lakes (Mašín et al. 2008) . Interestingly, the proportion of AAP bacteria observed in the present study is similar to that reported from brackish and coastal waters (Cottrell et al. 2006 , Mašín et al. 2006 , Sieracki et al. 2006 , Salka et al. 2008 ).
An important question arises regarding whether all observed BChl a-containing bacteria were really true AAP species. In contrast to marine environments, the situation in freshwater habitats is complicated by the fact that many lakes contain hypoxic or fully anoxic hypolimnia. Hence, there exists a certain chance that some primarily anaerobic species might enter also the aerobic epilimnion, and one cannot completely rule out the possibility that a part of the BChl apositive cells originate from anaerobic phototrophic species. However, the strong stratification of most of these lakes prevents the mixing of aerobic and anaerobic layers and strongly reduces the possibility of penetration of anaerobic species into the sampled subsurface layer. Another potential source of anaerobic species might be the microbial aggregates or flocs, where the oxygen tension might be significantly reduced, but such aggregates have to be relatively large and robust. In contrast, the majority of the observed BChl a signal was associated with the < 5 µm fraction (Fig. 5) representing mostly freeliving cells or small aggregates, suggesting that the cells stay in the aerobic environment (Mustafa et al. 2009 ). Indeed, a phylogenetic analysis conducted on the same water samples revealed that the collected samples from Mecklenburg lakes contained predom- Table 1 . Central lines represent the medians; bottom and top of the box are lower and upper quartiles; the whiskers depict the 5th and 95th percentiles, and the dots represent outlier values inantly AAP species (Salka et al. 2011) . Here, the only exception was the mostly anoxic Lake Haus (see Fig. 1C) , where approximately 50% of all pufM clones were related to mostly anaerobic Rhodobacter species (Salka et al. 2011) . Waidner & Kirchman (2007) reported that a large part of AAP bacteria in river estuaries were particle attached, and the percentage of AAP bacteria in the aggregates was higher than in the planktonic phase. In agreement with the previous reports from the Chesapeake and Delaware estuaries (Waidner & Kirchman 2007 , Cottrell et al. 2010 ) as well as from Mediterranean coastal habitats (Lami et al. 2009 ), in our study a large part (15 to 50%, see Fig. 5 ) of the BChl a signal was also associated with larger (> 5 µm) particles. Based on microscopic observation, we assume that most of this signal originated from irregular aggregates, and organic debris colonized by the bacterial consortium. Monospecific clusters of only AAP cells or AAP cells colonizing phytoplankton cells were very rare. As shown previously, higher grazing pressure can keep the total AAP numbers low despite favorable growth conditions (Ferrera et al. 2011) . A strong predation on AAP cells by mixotrophic ciliate Stentor amethystinus (>1000 ci liates l −1 ) was observed also in Lake Stechlin during our sampling in July 2009 (M. Mašín unpubl. data). High grazing pressure can also be responsible for relatively smaller AAP numbers and for a part of the observed AAP spatial and temporal variability. Furthermore, grazing may also result in a higher proportion of attached AAP as a protection strategy against grazing.
Crucially, it remains unknown whether and to what extent AAP bacteria benefit from possessing the photosynthetic apparatus. In his original paper, Kolber et al. (2000) speculated that the capacity to use light energy might be advantageous especially in well-illuminated oligotrophic systems. Later studies from various marine environments, however, demonstrated that high AAP numbers were found also in mesotrophic or eutrophic environments (Mašín et al. 2006 , Waidner & Kirchman 2007 . In the present study, we have found a general increase of total AAP abundance with the increasing trophic status (Figs. 3 & 6A) . However, when analyzing the relative AAP contribution to total bacteria in sampled lakes, there seems to be a trend with somewhat higher AAP percentages in oligotrophic lakes (8.4 ± 2.8%; mean ± SD) compared to meso trophic (5.9 ± 2.4%), eutrophic (5.2 ± 2.2%) or humic (6.6 ± 3.0%) lakes (Fig. 6B ). This result is in agreement with our previous data from Czech lakes; however, there was no significant relationship found between the relative percentage of AAP bacteria and total phosphorus or chlorophyll concentration. A part of the problem is that the trophic status depends on the total load of basic nutrients (in our case, mostly of phosphorus), whereas the concentration of available (reactive) nutrients might be seriously limiting even in lakes with overall high trophic status. Clearly, the relationship between AAP distribution and lake trophic status remains unsolved and needs further investigation.
In conclusion, our data confirm that AAP bacteria form a significant fraction of microbial communities in a number of freshwater lakes in northern Europe. Their abundance correlated with the total phosphorus content. Due to their rapid growth and efficient removal by grazing, AAP bacteria represent an important part of the food webs of the studied lakes. 
